MicroRNAs (miRNAs) act as post-transcriptional regulators of gene expression. In sarcoidosis, aberrant miRNA expression may enhance immune responses mounted against an unknown antigenic agent. We tested whether a distinct miRNA signature functions as a diagnostic biomarker and explored its role as an immune modulator in sarcoidosis. The expression of miRNAs in peripheral blood mononuclear cells from subjects who met clinical and histopathologic criteria for sarcoidosis was compared with that observed in matched controls in the ACCESS (A Case Controlled Etiologic Study of Sarcoidosis) study. Signature miRNAs were determined by miRNA microarray analysis and validated by quantitative RT-PCR. Microarray analysis identified 54 mature, human feature miRNAs that were differentially expressed between the groups. Significant feature miRNAs that distinguished subjects with sarcoidosis from controls were selected by means of probabilistic models adjusted for clinical variables. Eight signature miRNAs were chosen to verify the diagnosis of sarcoidosis in a validation cohort, and distinguished subjects with sarcoidosis from controls with a positive predictive value of 88%. We identified both novel and previously described genes and molecular pathways associated with sarcoidosis as targets of these signature miRNAs. Additionally, we demonstrate that signature miRNAs (hsa-miR-150-3p and hsa-miR-342-5p) are significantly associated with reduced lymphocytes and airflow limitations, both of which are known markers of a poor prognosis. Together, these findings suggest that a circulating miRNA signature serves as a noninvasive biomarker that supports the diagnosis of sarcoidosis. Future studies will test the miRNA signature as a prognostication tool to identify unfavorable changes associated with poor clinical outcomes in sarcoidosis.
Sarcoidosis immunopathogenesis is poorly understood. The absence of a specific etiologic agent, together with histopathologic dependence and exclusion of multiple diseases often delays diagnosis (1) (2) (3) (4) (5) (6) . Moreover, biomarkers lack accuracy to diagnose sarcoidosis and cannot reliably predict organ involvement, disease progression, and other clinical outcomes (7) (8) (9) (10) . To satisfy diagnostic and prognostic needs, efforts have focused on identification of genes and products of cellular activity and metabolism (11) (12) (13) (14) (15) (16) (17) . Genetic profiling has demonstrated altered expression of pathways related to interferon inducible type 1 T helper (Th1) immune responses, and T cell development and proliferation in lung tissue and peripheral blood linked to granulomatous inflammation (18) (19) (20) .
Small, noncoding microRNAs (miRNAs) act as post-transcriptional immune modulators involved in gene regulatory networks influencing development and function of either innate or adaptive immune cells (21, 22) . In sarcoidosis, the first reported genome-wide microarray analysis of miRNAs obtained from peripheral blood monocytes (PBMCs) identified differential expression of hsamiR-25, hsa-miR-199a, and hsa-miR-214 compared with controls, and predicted that these target the TGF-b/WNT molecular pathway (23) . Subsequently, studies investigating peripheral blood identified dysregulated preselected inflammatory related miRNAs in sarcoidosis compared with controls, with distinct expression profiles linked to sarcoidosis phenotypes (24) (25) (26) (27) .
We hypothesize that a miRNA signature derived from PBMCs may serve as a circulating diagnostic biomarker in sarcoidosis. Additionally, we examine miRNAs as post-transcriptional immune modulators of pathways that could account for distinct clinical phenotypes and therapeutic targets in sarcoidosis.
Methods Study Population
Approval from the institutional review board of the University of Illinois at Chicago (Protocol #: 2016-0275) was obtained. The study design and subject enrollment for ACCESS (A Case Controlled Etiologic Study of Sarcoidosis; ClinicalTrials.gov identifier: NCT00005276) were previously described (28) . Briefly, peripheral blood samples from Caucasian subjects processed by the RNA core laboratory were analyzed. Cases required tissue confirmation of nonnecrotizing granulomas within 6 months of enrollment. Controls were matched to cases by sex, age, race, and geographic region. Neither cases nor controls had a history of other granulomatous diseases or use of antituberculosis therapy. All matched (n = 25) and unmatched cases (n = 6) were randomly assigned into experimental and validation cohorts.
miRNA Processing and Statistical Analyses
RNA was isolated from PBMCs utilizing the guanidinium thiocyanate phenolchloroform extraction method (29) . Using Affymetrix GeneChip miRNA 4.0 microarrays, mature human miRNAs were annotated against the miRBase database and analyzed using the Genomics Suite 6.6 statistical package (Partek, Inc.) and the R Statistical Environment (version 3.3) (30) (31) (32) (33) (34) . Differential expression analysis by moderated t-statistics followed by nearest-shrunken centroids feature selection was performed at predetermined false discovery rates (FDRs) of 10% and 1%, respectively (35, 36) . We then used regression models to determine signature miRNAs for validation with quantitative RT-PCR (qRT-PCR) assays (Table E1 in the data supplement). Differences in expression were normalized against the ubiquitin C (UBC) housekeeping gene and compared to establish a discriminatory signature in the experimental cohort (37) . An optimal threshold identified by receiver operating characteristic (ROC) analysis was used to test the signature's performance in a validation cohort (38) . Clinical data were compared via Student's t test for continuous data or chi-square analysis for categorical data. Further details regarding the methods used can be found in the data supplement.
Results

Patient Characteristics
The experimental cohort was comprised of Caucasian subjects with sarcoidosis (n = 14), and all but one were matched to controls (n = 13) with no history of granulomatous disease during the recruitment phase of the study. The clinical characteristics of the patients are shown in Table 1 . As expected, no significant differences were observed between cases and controls with regard to sex, age, and smoking history.
Ordination, Differential Expression, and Definition of a miRNA Signature in Sarcoidosis
We identified 2,578 mature human miRNA transcripts in the miRBase registry and examined the relationship between clinical grouping (sarcoidosis cases versus matched controls) and the expressed miRNAs within the experimental cohort (Table E2A) . Supervised correspondence analysis depicted 2 distinct clusters despite some overlap based on the log 2 -fold expression of all mature miRNAs identified by microarray analysis (Figure 1 ). These data suggest an underlying association between clinical grouping and miRNA expression. Among the 2,578 mature human miRNAs we determined those that were differentially expressed between sarcoidosis and matched controls. Employing a moderated t test, 2.7% of miRNAs were differentially expressed at a predetermined significant FDR of 10%. Of these differentially expressed miRNAs, 46 (66.7%) were overexpressed in sarcoidosis cases, while 23 (33.3%) were underexpressed ( Figure E1 ).
To increase the discriminatory accuracy of the differentially expressed miRNAs for class prediction (sarcoidosis versus controls) we applied the nearest shrunken centroids method to select features at a predetermined median FDR of 1% (threshold value = 0.7119) (34, 39) . At this threshold, 54 of 69 (78.3%) differentially expressed miRNAs were considered discriminatory features, with a 10-fold cross-validation error rate of 21.9%. Thirty-three of these 54 feature miRNAs (61.1%) were found to be overexpressed in sarcoidosis cases, and 21 (38.9%) were found to be underexpressed in sarcoidosis cases, with an average log 2 -fold change of 0.947 and 20.681, respectively (Figure 2 ).
To narrow our target of miRNAs that were obtained through feature selection, we constructed logistic regression models based on individual log 2 -fold expression level of the miRNAs and clinical variables. All models were adjusted for sex, age, smoking history, and use of immunomodulator therapy at the time of sample acquisition.
ORIGINAL RESEARCH
Upon construction, we observed that 79.6% (43/54) of the miRNAs were significantly associated with the presence or absence of sarcoidosis (P , 0.05). Feature miRNAs with a positive log 2 -fold change were found to increase the likelihood of sarcoidosis based on regression modeling after adjusting for clinical variables, and thus were deemed to be predictive of sarcoidosis. Conversely, regression modeling demonstrated that feature miRNAs with a negative log 2 -fold change decreased the likelihood of sarcoidosis. No clinical variable introduced into our regression model significantly affected the likelihood of sarcoidosis (Tables E2B and E2C ).
After the model was adjusted, eight miRNAs (hsa-miR-128-3p, hsa-miR-22-5p, hsa-miR-30e-3p, hsa-miR-4306, hsa-miR92a-1-5p, hsa-miR-150-3p, hsa-miR-6729-5p, and hsa-miR-342-5p) were deemed to have the greatest influence in predicting the presence of sarcoidosis, and these were selected to establish a circulating miRNA signature. Four of these miRNAs were positive predictors of sarcoidosis and four were negative predictors of sarcoidosis (all with P , 0.05 and a log odds ratio (OR) of .20 or ,0.05, respectively; Table E3 and Figure E2 ). Microarray expression data for these eight miRNAs were validated by qRT-PCR. As expected, individual cycle threshold (Ct) values obtained by qRT-PCR for each signature miRNA negatively correlated with microarray expression values. The selected housekeeping gene UBC was invariably expressed in subjects with sarcoidosis and controls in the experimental cohort ( Figure E3A ), and did not discriminate between the presence and absence of sarcoidosis, with a ROC area under the curve (AUC) of 48.6% (95% CI, 26.37-71.98%; Figure E3B ). Among the eight validated miRNAs, the individual qRT-PCR expression ratios of hsa-miR-128-3p, hsa-miR-22-5p, and hsa-miR-150-3p to UBC demonstrated trends toward significance for independently discriminating between sarcoidosis cases and controls (unpaired t test with Welch's correction; P = 0.0975, 0.0595, and 0.0691, respectively). A signature score was derived from the expression values of positive and negative predictor miRNAs, and a numerical threshold value was determined as described in the data supplement and Table E4 . In contrast to UBC expression, a comparison of individual signature scores for sarcoidosis cases and matched controls demonstrated that the subjects with sarcoidosis expressed a significantly higher signature score than controls (unpaired t test with Welch's correction, P = 0.0025; Figure 3A ). Our circulating miRNA signature discriminated sarcoidosis cases from matched controls with an accuracy of 85.2% (95% CI, 68.13-97.8%) by ROC analysis ( Figure 3B ), which was significantly superior to the housekeeping gene alone for identifying cases of sarcoidosis (bootstrap test, P = 0.0277). The predictive potential of the signature circulating miRNA biomarker was tested on a randomly selected validation cohort (n = 29). The clinical characteristics of the validation cohort were similar to those of the experimental cohort (Table 1) . We evaluated the performance of our circulating miRNA signature in the validation cohort. Expression of the eight selected signature miRNAs and UBC in the validation cohort by qRT-PCR was assessed blindly by two researchers (C.S. and Y.H.) after randomization was performed. To test the evenness of miRNA expression obtained by qRT-PCR, we compared the Ct values for UBC expression between the experimental and validation cohorts, and found that there was no significant difference in UBC expression (unpaired t test with Welch's correction, P = 0.8243; Figure E4 ). The circulating signature score was calculated for all samples in the validation cohort. Applying a strict decision rule, we deemed all validation cohort samples to be sarcoidosis cases if the circulating signature score was greater than the determined threshold ( Figure E5 ). When we compared clinical-pathologic grouping and biomarker grouping at this cutoff, our circulating miRNA biomarker proved to have a sensitivity and specificity of 68.18% and 71.43%, respectively, with a positive predictive value (PPV) of 88.24% and an OR of 5.36 (Table E5) . Evaluation of the discriminatory capacity of the circulating signature score by ROC analysis of all samples revealed an accuracy of 74.8% (P = 0.0015; 95% CI, 61.84-87.84%; Figure  E6 ), supporting its potential use for diagnosing sarcoidosis.
Underexpression of hsa-miR-150-3p and hsa-miR-342-5p Correlates with Reduced Lymphocytes and Is Associated with Airflow Limitations in Sarcoidosis
We evaluated the potential role of miRNAs in phenotypic manifestations of sarcoidosis by examining the relationship between miRNA expression profiles and baseline clinical parameters (white blood cell count, spirometric values, and Scadding stage on chest radiograph) that were previously related to worse prognosis and disease severity (40, 41) . To identify specific miRNAs that could be involved in either protecting against or promoting unfavorable changes in these clinical parameters, we compared the individual qRT-PCR expression ratios of all eight signature miRNAs. No significant differences in expression of any of the four positive predictors of sarcoidosis were found between cases (n = 31) and controls (n = 25) ( Figure E7 ). In contrast, hsa-miR-92a-1-5p, hsa-miR-150-3p, hsa-miR-126-3p hsa-miR-27b-3p
hsa-miR-130a-3p hsa-miR-151b hsa-miR-199a-3p hsa-miR-199b-3p hsa-miR-6852-5p hsa-miR-543 hsa-miR-3197 hsa-miR-363-3p hsa-miR-6784-5p hsa-miR-6511b-5p hsa-miR-4306 ** hsa-miR-223-3p hsa-miR-326 hsa-miR-98-5p hsa-miR-378d hsa-miR-505-3p hsa-miR-181d-5p hsa-miR-185-3p hsa-miR-22-5p ** hsa-miR-301a-3p hsa-miR-19a-3p hsa-miR-148a-3p hsa-miR-148b-3p hsa-miR-18b-5p hsa-miR-195-5p hsa-miR-21-5p hsa-miR-30a-5p hsa-miR-30e-3p ** hsa-miR-572 hsa-miR-6869-5p hsa-miR-6724-5p hsa-miR-7108-5p hsa-miR-6729-5p * hsa-miR-638 hsa-miR-1915-3p hsa-miR-8069 hsa-miR-6068 hsa-miR-5001-5p hsa-miR-423-5p hsa-miR-92a-1-5p * hsa-miR-342-5p * hsa-miR-1281 hsa-miR-31-5p hsa-miR-874-3p hsa-miR-339-3p hsa-miR-140-3p hsa-miR-1275 hsa-miR-150-3p * hsa-miR-4763-3p hsa-miR-128-3p ** hsa-miR-374b-5p hsa-let-7f-5p Figure 2 . A supervised heatmap demonstrating clinical characteristics per subject (columns) and the z-score-scaled expression of the 54 feature miRNAs (rows) identified using the nearest shrunken centroids method with 10-fold cross-validation at a median false discovery rate of 1%. Hierarchical clustering was performed using Ward's agglomerative clustering method. Overexpression in sarcoidosis is depicted in red, and underexpression in sarcoidosis is depicted in blue. Clinical characteristics: male (M), female (F), age group (1: ,30 years, 2: 30-39 years, 3: 40-49 years, 4: 50-59 years, 5: .60 years) smoking history (Sm), no smoking history (NSm), immunomodulator therapy (Tx), and no therapy (NTx). **Signature miRNA predictive of sarcoidosis; *signature miRNA predictive of health.
hsa-miR-6729-5p, and hsa-miR-342-5p (all negative predictors) were observed to be significantly underexpressed in sarcoidosis (unpaired t test with Welch's correction; P = 0.0101, 0.0009, 0.0480, and 0.0192, respectively) ( Figure E8 ). Among these, both hsa-miR-150-3p and hsa-miR-342-5p demonstrated a significant negative correlation with the percentage of PBMCs (Pearson's R = 20.3627 and 20.3582; P = 0.045 and 0.048, respectively) in sarcoidosis cases. These significant negative correlations were due exclusively to the relationship between the percentage of lymphocytes in peripheral blood (but not in monocytes) and hsa-miR-150-3p and hsamiR-342-5p (Pearson's R = 20.3980 and 20.4053; P = 0.027 and 0.024, respectively) ( Figures 4A and 4B ).
To further assess the impact on disease severity, we examined the relationship between baseline respiratory status and hsamiR-150-3p and hsa-miR-342-5p in sarcoidosis cases by linear regression after adjusting for variables capable of influencing spirometric values (age, sex, smoking history, immunomodulator use, and Scadding stage). Although it was significantly associated with percent predicted forced expiratory volume in 1 second (FEV 1 %) and percent predicted forced vital capacity (FVC%) (P = 0.026 and 0.38; b = 299.57 and 284.76, respectively), the effect of hsa-miR-342-5p ( Figure 5A ) on FVC was significantly and inversely impacted by immunomodulator use (P = 0.027; b = 13.56). Reduced expression of hsa-miR-150-3p was significantly and independently associated with both decreased FEV 1 % and FVC% (P = 0.0423 and 0.0498; b = 2183.83 and 2161.03, respectively) ( Figure 5B ). Taken together, these results indicate that reduced levels of either of these miRNAs may play a role in the development of peripheral lymphopenia. Additionally, the underexpression of hsa-miR-150-3p and to a lesser extent hsa-miR-342-5p in this setting may be indicative of a clinical phenotype with airflow limitations.
miRNA Enrichment Analysis Demonstrates an Association with Cell Proliferation and Death
The miRNet miRNA-target algorithm was employed for functional enrichment analysis of miRNA-gene interactions obtained from the Kyoto Encyclopedia of Genes and Genomes (KEGG) to elucidate the target pathways of the eight signature miRNAs comprising the circulating biomarker. On the miRNet algorithm, no filtering of experimental methods used to validate miRNA-gene interactions was performed. KEGG pathways were considered significant at a P-value threshold of ,0.05 using the algorithm's hypergeometric approach adjusted for FDR (42) .
The combination of these eight miRNAs demonstrated a large network of interactions resulting in 1,100 targeted genes in 265 KEGG pathways (Table E6 and Figure S9 ), with a total of 29 (10.9%) pathways that met the predetermined level of significance ( Figure 6 ). Within the network, we identified 70 genes that were predicted to be modulated by at least two miRNAs, and constructed a reduced interaction network to highlight the target genes on which miRNA action may converge ( Figure 7 ). Among these targeted genes, ALDH9A1, NUFIP2, and ZNF385A were found to be likely hubs of interaction. Notably, these genes were all targeted by a combination of three of four miRNAs (hsa-miR-128-3p, hsa-miR-4306, hsa-miR-30e-3p, and hsa-miR-342-5p) that appear to be key miRNAs given their degree of interactions within the network. Of these four miRNAs, hsa-miR-128-3p directly targeted all three genes, highlighting its central role in the regulatory network.
Among the significantly enriched pathways, the majority of pathways were involved in molecular interaction and reaction networks pertaining to human diseases (cancers, 41.4%), environmental information processing (signal transduction, 24.14%), and cellular processes (13.8%, mainly cell growth and death). Multiple significantly enriched pathways, such as the TNF, PIK3-AKT, MAPK, and p53 signaling pathways that have been previously implicated in the immunopathogenesis of sarcoidosis (43) (44) (45) (46) , were identified as targets of our eight-miRNA signature. Interestingly, within the large interaction network, the most significantly enriched pathway identified was the HIPPO signaling pathway (P = 0.0006), which to our knowledge has not been previously associated with sarcoidosis. In addition, upon assessment of the reduced network exclusively involving genes predicted to be targeted by two or more miRNAs, only the p53 signaling pathway was identified as significantly enriched (P = 0.0218).
The KEGG pathways and genes targeted by hsa-miR-150-3p and hsa-miR-342-5p were further analyzed to identify key attributes that could account for their association with either circulating lymphocyte counts or pulmonary function. Individually, hsa-miR-150-3p is predicted to modulate 29 genes in 35 KEGG pathways, whereas hsa-miR-342-5p interacts with 93 genes in 101 KEGG pathways through the miRNet algorithm. Interestingly, no overlap of target genes was identified between these two miRNAs within the regulatory network. However, 15% of the targeted KEGG pathways were predicted to be modulated by both miRNAs, and eight of these pathways were among the significantly enriched targets of the circulating signature (denoted with an asterisk in Figure 6) . Notably, the FOXO and MAPK signaling pathways, as well as several pathways pertaining to human cancers, were among the significantly enriched pathways. The interactions of our eight signature miRNAs, gene targets, and corresponding KEGG pathways are suggestive of a close relationship between inflammation, dysregulated cell proliferation or death and sarcoidosis severity and prognosis.
Discussion
There are no biomarkers specific enough to establish a diagnosis of sarcoidosis without histopathologic confirmation. Expert opinion emphasizes that a diagnosis of sarcoidosis is never certain and is arbitrarily made only after excluding alternative diagnoses, thus underscoring the need to identify reliable early biomarkers suggestive of sarcoidosis (47) . In this study, we employed an unbiased, high-throughput approach to identify aberrantly expressed miRNAs, which act as key components of gene regulatory networks in sarcoidosis. Our goal was to use these miRNAs as a novel genetic signature with potential diagnostic and prognostic value. We observed significantly altered miRNA expression between our cohort of Caucasians with recently diagnosed sarcoidosis and matched controls. Feature miRNAs that were significantly differentially expressed established a clinically applicable circulating signature based on the over-or underexpression of eight miRNAs that determined the presence of sarcoidosis with an accuracy of 74.8% (95% CI, 61.84-87.84%) ( Figure E6 ). When compared with the diagnostic utility of angiotensin-converting enzyme (ACE) levels in a population-based study comprised mainly of Caucasians, our signature demonstrated a smaller degree of accuracy (74.8% versus 86.21%). However, our circulating miRNA signature demonstrated an enhanced PPV when compared with ACE (circulating miRNA signature PPV = 88.24% versus ACE PPV = 25.43%), supporting its value as an initial noninvasive diagnostic test for sarcoidosis (48) . Pertaining to the use of miRNAs, a prior study examined the accuracy of select miRNAs derived from extracellular RNA as clinical biomarkers to distinguish between subjects with sarcoidosis with/without Löfgren's syndrome and matched controls (26) . The study showed an overall significant discriminatory capacity with a fair predictive power (72% when using a six-miRNA model and 65% with a sevenmiRNA model) that is comparable to our results. The diagnostic utility of different combinations of gene expression signatures to discriminate between subjects with sarcoidosis and healthy individuals has shown sensitivities and specificities ranging from 83 to 92% (20, 49) . Our signature's reduced accuracy compared with gene expression signatures may be due to the lower expression density of miRNAs (50) .
To increase the signature's clinical applicability as a biomarker, we may have lost discriminatory power in this study by selecting only eight of 54 miRNAs that were identified as significantly differentially expressed features by microarray analysis and were found to have an overall error rate of 21.9%. Despite this tradeoff, the signature's ability to differentiate between sarcoidosis cases and matched controls was significant. It may be advantageous to use the signature in combination with other gene expression profiles to support a diagnosis of sarcoidosis. The differential expression of miRNAs in peripheral blood from subjects with sarcoidosis has been characterized with the use of selective and unbiased strategies, limiting the comparability of relevant findings (25) . When mapped against other reported miRNA signature sequences (23, 25, 26, 51) , the expression of several closely related mature miRNA sequences coincided with signature miRNAs in our study. For example, concordant overexpression of hsamiR-22-5p and hsa-miR-30e-3p was previously reported based on microarray data (51) . Notably, two differentially expressed miRNAs within our signature, hsa-miR-6729-5p and hsa-miR-4306, represent novel associations whose role in sarcoidosis has not been previously elucidated. In contrast, the predominant hub of interactions in our cohort, hsa-miR-128-3p, was previously depicted as underexpressed (23, 51) . In addition, hsamiR-128a was previously linked to immune cells through a negative correlation with the CD4:CD8 ratio in peripheral blood (25) . Furthermore, hsa-miR-150-3p and hsa-miR-342-5p, which correlated with lymphocytes and demonstrated a significant association with spirometric parameters in our study, have also been reported to be underexpressed (51) . Evaluations of hsamiR-150-3p by qRT-PCR have been inconsistent, although it was previously reported to be underexpressed and capable of differentiating between sarcoidosis cases without Löfgren's syndrome and matched controls (24, 26) . Overall, the differences between this work and previous studies with regard to miRNA expression may stem from different patient or microarray characteristics. Nevertheless, our analyses suggest the presence of a core gene regulatory network in sarcoidosis, as evidenced by the analogous aberrant expression of several miRNAs.
To determine biological functions that may relate to the underlying immunopathogenesis of sarcoidosis, we assessed predicted targets of differentially under-and overexpressed miRNAs in subjects with sarcoidosis compared with matched controls. When mapped against significantly enriched gene transcript signatures, several previously annotated transcripts were predicted to be targets of miRNAs in our miRNA signature. Not surprisingly, among these were several related to cell-cycle progression, including ATF3, MAZ, CACNA1E, CCND2, ZNF614, and TAOK1 (18, 20, 49, 51, 52) . Similarly, previous studies that evaluated miRNA expression in ORIGINAL RESEARCH peripheral blood also predicted targeting of KEGG pathways associated with cancer and cell proliferation, such as the TGF-b/WNT and Pathways in Cancer signaling pathways (23, 26) . Both of these pathways were identified in our cohort, although only the latter was found to be significantly enriched. Furthermore, dysregulation of other significantly enriched KEGG pathways, including the HIPPO, FOXO, TNF, PIK3-AKT, MAPK, and p53 signaling pathways, may promote the complex maladaptive inflammatory response involving T cell subsets with heightened local inflammation and peripheral anergy that is found in sarcoidosis (53) (54) (55) .
In the present study, we demonstrate that underexpression of hsa-miR-150-3p hsa-mir-6729-5p Reduced miRNA-KEGG pathway interaction network, showing all genes within pathways that were targeted by at least two of the eight circulating signature miRNAs. Square nodes represent miRNAs, and circles represent target genes. The major hubs of interaction within the network of targeted KEGG pathways appear to be hsa-miR-128-3p, hsa-miR-4306, hsa-miR-30e-3p, and hsa-miR-342-5p through ALDH9A1, NUFIP2, and ZNF385A (each with three degrees of interaction).
and hsa-miR-342-5p in subjects with sarcoidosis correlates significantly with a reduced percentage of lymphocytes and reduced FEV 1 % and FVC%. Although the process is poorly understood, apoptosis and disequilibrium between effector and regulatory T cells have been proposed as mechanisms that lead to peripheral lymphopenia involving T cell subsets and correlate with disease severity (40, 54, 56, 57) . In accordance with previous evidence (57), our study suggests that apoptotic pathways and genes are related to lymphopenia. Additionally, we show that a key component of our reduced gene regulatory network (targeting various genes, such as: PTEN, p53, MDM2, MDM4) is the significantly enriched p53 pathway, known to induce cell cycle arrest or apoptosis (58) . We also demonstrate that miRNA gene targets, namely, ALDH9A1, NUFIP2, and ZNF385A, are modulated by multiple miRNAs and serve as hubs of interaction in the reduced regulatory network. Interestingly, it was previously shown that when bound, ZNF385A and p53 modulate an autoregulatory feedback loop that results in preferential transactivation of proarrest rather than proapoptotic p53 target genes (59) . We speculate that in sarcoidosis, the p53 signaling pathway is critical for stimulating apoptosis and the subsequent lymphopenia that contributes to peripheral anergy, possibly through direct modulation (unbinding) of ZNF385A provoked by low expression of hsa-miR-342-5p, as well as high expression of hsa-miR-128-3p and hsa-miR-4306. The role of hsa-miR-150-3p is less clear, although its gene targets (SOD2 and MKNK2) within our reduced interaction network suggest that modulation of the MAPK and FOXO signaling pathways may lead to alterations in CD4
1 , CD8
1
, and T regulatory cell differentiation, proliferation, and function (60) (61) (62) . These observations lend further support to the notion that peripheral anergy and exaggerated local inflammation play a role in the immunopathogenesis of sarcoidosis (54, 57, 63, 64) . Moreover, the predominance of miRNA interactions with multiple KEGG pathways related to cancer, cellular proliferation, and inflammation in PBMCs points to a molecular mechanism supporting the hypothesis that immune dysregulation in sarcoidosis significantly increases the risk of hematologic malignancies such as leukemia, Hodgkin's lymphoma, and non-Hodgkin's lymphoma (65) . Thus, it is possible that in the presence of aberrant expression of our signature miRNAs, chronic inflammation and a state of compromised immune surveillance generate an imbalance of proapoptotic and prosurvival signaling pathways that results in neoplastic expansion (64) .
We note several limitations to this study that may be addressed in future work. In our study, we analyzed clearly defined sarcoidosis cases and well-matched controls in an experimental and validation cohort derived from a single center in the ACCESS study. Despite this rigorous characterization, our findings are rooted in a small cohort of Caucasian subjects with sarcoidosis (n = 31) without evidence of advanced (fibrotic) disease, whereas in the United States, African Americans exhibit a greater incidence of sarcoidosis with more severe clinical manifestations and worse prognosis (66) (67) (68) . Consequently, these findings may not be universally applicable and will need to be expanded upon in a larger, multicenter, more diverse cohort with subjects exhibiting early and advanced disease. Our analysis was also limited to controls without a history of granulomatous disease; however, overlapping signatures from other granulomatous disorders, such as tuberculosis, have been described, and thus further comparisons to establish the exclusiveness of our miRNA signature in sarcoidosis will be required (18, 51) . Additionally, our study characterizes a miRNA regulatory network at a single time point early in the course of the disease. Although this early time point may provide relevant insight into the pathogenesis of phenotypic features, a longitudinal assessment is required to validate clinical outcomes in subjects who express our miRNA signature. Also, details pertaining to disease-modifying therapies and some clinical parameters were not made publicly available. Therefore, our study may be underpowered with regard to the true effect of these factors on immune regulatory networks, although the early time point at which samples were obtained makes therapy a less likely confounder. Furthermore, we explored the interactions of mature miRNAs derived from PBMCs by using a commercial microarray chip that may not have fully examined a more complex regulatory process involving distinct cell types and other gene regulatory elements underlying the immunopathogenesis of sarcoidosis. Lastly, we were also limited by the use of data stemming from databases that use computational approaches and statistical probabilities to ascertain miRNA interactions. In the future, we plan to construct complete gene regulatory networks by incorporating the full spectrum of transcriptomic profiles, and to develop in vivo analyses to validate these interactions.
In summary, our study illustrates the use of select aberrantly expressed miRNAs derived from analysis of high-throughput data as a potential biomarker intricately involved in the dysregulated immune response in sarcoidosis. Moreover, we analyzed the regulatory nature of the miRNAs that comprise our biomarker and demonstrated that they may serve as early prognostication tools to portend unfavorable changes associated with poor clinical outcomes in sarcoidosis. n Author disclosures are available with the text of this article at www.atsjournals.org.
